The promises of nanotechnology are mostly based upon the ability to produce nanostructured materials with novel properties. Nanocomposites are defined here as a class of materials that contain at least one phase with constituents in the nanometer domain. This article describes the present state of knowledge of the fabrication of nanocomposite materials, with special emphasis on plasma forming of bulk parts. Future challenges facing the development of methods for consolidating nanocomposites with retained nanostructures are also highlighted.
Introduction
Composite materials containing at least one phase with constituents of less than 100 nm in size can be termed nanocomposites. 1 These materials exhibit enhanced mechanical, 2,3 magnetic, 2 high-temperature, 4 and optical [5] [6] [7] properties, as well as excellent catalytic properties. 8 The commercial applications of nanocomposites rely on the successful consolidation of these materials into bulk-sized components while preserving their nanostructures. Traditional consolidation techniques such as cold pressing and sintering at high temperatures, hot pressing, and hot isostatic pressing have strong limitations of not being able to retain the nanoscale grain size due to excessive grain growth during processing. This article summarizes the results of numerous studies on methods for manufacturing nanocomposites and also highlights future challenges for the successful consolidation of nanocomposite components.
Consolidation of Nanoparticles
The density of an unsintered compact depends on the frictional forces of the powdered particles, which originate from electrostatic, van der Waals, and surface adsorption phenomena. In the case of nanoparticles, these forces are significantly high, forming hard agglomerates and eventually leading to the creation of relatively large inter-agglomerate pores. Based on thermodynamic treatments, Mayo 9 suggested that the finest pore size usually yields the highest densification rate. Therefore, in order to attain the highest densification rate during the consolidation of nanoparticles, large inter-agglomerate pores should be avoided. However, eliminating large pores requires not only higher temperatures but also prolonged sintering times; consequently, nanoscale grain sizes are difficult to retain. During sintering of nanoparticles, pores smaller than a critical size shrink, 10, 11 while larger pores undergo the pore-boundary separation, which restricts the ability to attain full density in the consolidated nanoparticles. 6, 12 The fraction of grain boundaries in nanomaterials is large compared with that in coarse-grained materials. The density of the grain-boundary regions is less than the grain interior, due to the relaxation of atoms and the presence of other lattice defects. 13 Therefore, consolidated nanoparticles with retained nanostructure are expected to exhibit a lower density than the theoretical density of the bulk counterpart.
There are numerous conflicting views on the sintering behavior of nanoparticles. Nanoparticles showed a depressed onset of sintering temperature, [14] [15] [16] in the range of 0.2T m to 0.3T m (where T m is the melting point in kelvin), as compared with the onset of sintering temperature in conventional powders, normally 0.5T m to 0.8T m . Such results can possibly be attributed to the structural instability of nanoparticles arising from their high surface area. The synthesis of nanoparticles of ceramics and metals has seen substantial progress in the last decade; however, consolidation of such nanoparticles into fully densified bulk components remains a difficult problem. A brief review of the various consolidation processes is presented herein.
Hot Isostatic Pressing
Hot isostatic pressing (HIP) equipment consists of a vessel and a resistance heater in which high isostatic pressure using an inert gas can be applied to the surface of the piece to be processed or to the surface of the container filled with the powders. 17 Although HIP is partially successful in consolidating coarse-grained powder into semibulk components, the densification of powders while retaining a nanoscale grain size has remained a difficult task. The lack of container materials that have softening temperatures in the range of 600-1100ЊC, which is the optimal sintering temperature of many nanoceramics, is a major difficulty in using HIP. The inability to achieve the high pressures required in order to drive diffusion for pore closure at faster rates than diffusion for grain growth limits the successful use of HIP to consolidate nanomaterials. HIP studies are mostly confined to nanometallic systems; a few on coarse-grained ceramic materials 18, 19 such as TiB 2 22, 23 Ti-AlNb, 23 and Fe-Cu 24 nanoparticle systems have been made without much success.
Ti-48at.%Al powders with 15 nm grains were consolidated to 99.5% of the theoretical density at 800ЊC for 2 h under 200 MPa pressure using the HIP technique. 22 The final microstructure of a Ti-Al alloy is shown in Figure 1 , which indicates an increase in the grain size of up to 150 nm. Carsley et al. 24 prepared an Fe-10at.%Cu specimen with 99% of the theoretical density using HIP at 170 GPa for 30 min at 700ЊC. The size of the grains increased from 18 nm to 350 nm. Suryanarayana et al. 23 studied the consolidation behavior of titanium aluminide powders using HIP at a pressure of 207 MPa for 2 h at 800ЊC, 900ЊC, and 975ЊC in an evacuated stainless steel container fitted with a tantalum foil liner. The grain size of the consolidated product became large with increasing HIP temperature; in some cases, grains were found to be as large as 1000 nm.
Sinter Forging
In sinter forging, a partially sintered or unsintered compact is usually subjected to a uniaxial load at a certain temperature so that superplastic deformation and sintering take place simultaneously. Pore closure takes place relatively rapidly, due to superplastic flow; diffusion time for grain growth is highly limited. But sinter forging results in an uneven density distribution across the specimen, due to an uneven shear strain distribution, and is limited to simple, cylindrical shapes. The process has a negligible effect on the consolidation of nanomaterials at low pressure because the contribution of applied stress to the total driving force for sintering at a small stress level is very low, whereas the driving force due to the curvature effect of the nanomaterials 25 is inherently high. Sinter forging is not feasible for the consolidation of nanomaterials of less than 20 nm because the required threshold stress is very high. Consolidation of zirconia, 25 Fe-Al-Cr, 26 and Fe-Cu 27 nanoparticles was attempted using sinter forging. Skandan et al. 15, 25 consolidated ZrO 2 nanoparticles using sinter forging. The grain size in the fully dense ZrO 2 was 45 nm. He and Ma 26 prepared a fully densified Fe-29Al-2Cr alloy with retained grain size of about 100 nm by using sinter forging at 545ЊC at a pressure of 1.25 GPa. It was thought that sinter forging prevents pressure loss due to die-wall friction with the powder, and it creates a state of shear stress that favors not only closure but also bonding of pores across collapsed pore interfaces, allowing easy compaction. Shaik and Milligan 27 prepared fully densified compacts from Fe-10at.%Cu powders with a 20 nm initial grain size by sinter forging at 575ЊC at a pressure of 525 MPa. The grain size distribution of the sinterforged product is reproduced in Figure 2 .
Hot Pressing
Unlike sinter forging, hot pressing is carried out at relatively low temperature under uniaxial pressure using a die and punch fitted with heating accessories. The technique can successfully achieve high densification with small grain sizes. However, it needs high pressures to obtain successful consolidation without grain growth. Therefore, the maximum size of the consolidated parts is limited to a crosssectional area of 1 cm 2 with the commercial presses available to date. The problem of delamination at high pressure also restricts the thickness of the consolidated nanocomposite parts to about 1 mm. Sinter forging was found 22 to be a more effective means of consolidation than hot pressing because the stress requirement in hot pressing is higher than in sinter forging. Xu et al. 28 studied the consolidation behavior of Al 2 O 3 with 12 vol% SiC nanopowders at 1650°C and 40 MPa pressure for 1 h. Although details of the individual size distribution of alumina and SiC prior to consolidation were not evaluated, the ball-milled powder was a mixture of alumina and SiC particles in the size range of 190-600 nm. The average grain size of the alumina after consolidation was 1.3 m, and the secondphase SiC particle size was found to vary from 50 nm to 300 nm. SiC particles were dispersed in the intra-and intergranular locations in the alumina matrix. The intragranular SiC particles were small, ranging from 50-200 nm, while the intergranular particles were in the size range of 200-300 nm. Some alumina grains were abnormally grown to more than 5 m. Krasnowski and Kulik 29 attempted to prepare Fe(Al)-TiN nanocomposites by hot pressing at 950ЊC at pressures of 8 GPa for 60 s. Although the initial particle sizes were not measured, the crystallite sizes were estimated from x-ray diffraction data and found to be 19 nm for the FeAl phase and 15 nm for the TiN phase. However, the pressure requirement for consolidation using this process is extremely high.
Transformation-Assisted Consolidation
Transformation-assisted consolidation (TAC) utilizes very high pressure (of the order of a few GPa) at moderate temperature. Such a combination of high pressures and temperature was achieved by Mayo's research group 30 ,31 using a specially designed press capable of attaining ultrahigh pressure with a large volume cell. However, TAC is applicable only to metastable systems that experience a significant volume reduction upon phase transformation. In order to minimize diffusion during TAC, the temperature is kept low; very high pressure on the order of 1-5 GPa is applied to maximize the formation of nuclei of the stable product phase. This combination of pressure and temperature helps produce a sintered product with a grain size as small as the starting nanoparticles. 30, 31 Pressureinduced phase transformation of the anatase phase of TiO 2 was investigated by Liao et al. 30 at 1.5 GPa pressure and in the temperature range of 400-600ЊC. The transformation of TiO 2 from the anatase to the rutile phase takes place with a reduction in volume; therefore, the nucleation barrier was reduced with the imposition of external pressure. After TAC processing at 445ЊC and 1.5 GPa for 1 h, the initial powder with 96% anatase phase was found to be converted into a solid compact of 98% rutile phase with a grain size of 36 nm. Kear et al. 31 have observed a continued grain refinement of the rutile phase with increasing applied pressure during the TAC process. The anatase to rutile transformation begins at about 650ЊC at ambient 
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pressure; however, the transformation temperature progressively lowered as the pressure was raised. Kear et al. 31 have also reported TAC processing of ␥-alumina nanopowder to form stable ␣-alumina at 98% of the theoretical density. The grain size of consolidated ␣-alumina was within 50 nm after TAC processing at 8 GPa and 800ЊC for 15 min. However, the process may not be applicable to all types of nanomaterials.
Spark Plasma Sintering
Spark plasma sintering (SPS) was developed in the last decade for the consolidation of metallic, oxide, and ceramic powders using a pulsed electric current for heating. 32, 33 The plasma is generated between the interparticle spaces that destabilize the surface oxide films, and consequently, sintering takes place by diffusion. Nevertheless, the fundamentals of SPS are not completely understood, and its feasibility for all nanocomposite systems 33 is not clear. The process was used by various researchers [34] [35] [36] [37] [38] to consolidate ultrafinegrained (nano-sized) materials. Goodwin et al. 37 prepared a cementite (Fe 3 C) iron nanocomposite with a grain size of 45 nm using this technique. Cha and co-workers 38 consolidated WC-10at.%Co cemented carbide with a 300 nm grain size with the help of SPS from starting powders of 100 nm grain size.
Plasma Pressure Compaction
Plasma pressure compaction is another rapid consolidation technique used for the consolidation of nanocrystalline powder materials. 39 In this process, nanoparticles are poured onto a graphite die without any additives and compressed using a graphite punch. At the beginning of the process, a pulsed dc voltage is applied through the powder compacts to generate interparticle plasma that activates the surface of the particle by removing the oxide and contaminant layers. Subsequently, dc voltage is applied to achieve rapid densification by resistance sintering under uniaxial pressure. Nevertheless, particle growth was found to be inevitable. The process is limited to the consolidation of certain hard-to-sinter micrograined ceramics such as WC and AlN.
Severe Plastic Torsional Straining (SPTS)
A new process for the consolidation of metal and ceramic nanoparticles, called severe plastic torsional straining (SPTS), has recently been reported. [40] [41] [42] The technique involves large plastic and shear deformation at high pressures at room temperature. The process consists of a precompaction step, followed by torsional straining using a hydraulic press with a provision for rotation of the lower head. The SPTS process was carried out under a pressure of 8 GPa. It was shown 40, 42 that SPTS consolidation of powders is an effective technique for fabricating metalceramic nanocomposites such as Cu-SiO 2 , Al-Al 2 O 3 , and Al-SiC with retained grain size in the range of 10-40 nm. However, the largest part that can be fabricated using this technique has a thickness of 0.15 mm. Also, the grain boundaries that result from the SPTS of metals resemble dislocation cell walls, which are difficult to distinguish from the boundaries of the nano-sized grains. Care must be taken to distinguish between actual grain boundaries and dislocation cell walls when reporting grain sizes.
Microwave Sintering
Microwave sintering of powdered materials has attracted considerable attention in recent years. This technique uses electromagnetic radiation with wavelengths ranging from 1 mm to 1 m in free space with frequencies of 300 GHz to 300 MHz, respectively. Unlike conventional heating, the microwave process generates an inverse temperature gradient, making the core hotter than the surface of the heated substrate. Due to the faster heating rate in the microwave process, sintering takes less time, minimizing grain growth during consolidation of the nanoparticles. Although bulk metals are generally not heated by microwaves, powders of almost all metals, alloys, and intermetallics can easily be heated in a microwave field. 43 Consequently, numerous investigations aimed at understanding the sintering behavior of micron-sized powders of Al 2 O 3 , Al 2 O 3 -SiO 2 , Al 2 O 3 -TiO 2 , WC-Co, and Si 3 N 4 were attempted. [43] [44] [45] [46] Boch and Lequeux 44 observed an enhancement in the sintering rate of alumina silica and alumina titania powders, which was possibly attributable to the additive driving force that predominates near surfaces and grain boundaries of the particles during microwave processing. A comparative study of sintering nanocrystalline TiO 2 powders was carried out by Bykov et al.
47 Surprisingly, significant grain growth was observed while achieving highly densified compacts.
Dynamic Consolidation Using Shock Waves
Shock wave compaction creates high pressure at particle boundaries for deformation and bonding. The high-strain-rate deformation may generate a temperature rise on the surface of the particle. The diffusion process is limited by low temperature and short time periods. Under these conditions, grain growth is minimized. Keeping such a possibility in mind, dynamic consolidation of nanoparticles was performed 23, [48] [49] [50] [51] in a double-cylindrical apparatus using slurry explosive. The technique employed a 5-mm-thick AISI 303 stainless steel flyer plate accelerated to a velocity of 1.25 ϫ 10 3 m s -1 inside a barrel to compact a ceramic powder at the other end of the barrel. As the detonation front swept down the axis of the assembly, the pressure exerted by the shock wave may have been as high as 11 GPa. Nanocrystals of TiSi 2 and TiSi 5 intermetallic in the size range of 30-40 nm were prepared 49 by this process. Jain and Christman 51 attempted to make an Fe-28Al-2Cr compact with an 80 nm nanophase in the microstructure. It is almost impossible to control the shock wave to produce uniform compression throughout the cross section of the specimen. The compacts obtained by dynamic consolidation exhibited microcracks, making the process unusable.
Laser-Based Techniques
Laser energy is used for materials processing in various forms, including laser alloying, 52 laser surface engineering, laser sintering, 53 and solid free-form fabrication. 54 All of these techniques make use of the high incident energy of the laser beam to melt, sinter/fuse, and ablate the materials to synthesize coatings and freestanding parts. Laser pyrolysis has also been developed to produce nanopowders. 55 The energy transfer from the laser beam to the substrate depends upon the absorptivity and thermal conductivity of the powder feedstock and the substrate. The energy of the beam is, in a very first step, absorbed in a narrow layer determined by the optical penetration depth of the radiation into the bulk material by excitation of the electron gas. The intrinsic absorption of a metal is generally temperature-dependent and rises with increasing temperature. In a comparative study, Seal et al. 56 documented the difficulties posed in synthesizing Ni-Al 2 O 3 bulk nanocomposites using a laser. Due to the strain incompatibility between a deposited layer and the adjacent densifying layer, a ceramic is likely to fracture during processing. There is no available literature on fabricating freestanding bulk nanocomposite ceramic components using lasers; however, it has tremendous potential for materials with good laser absorptivity.
Plasma Forming
Conventionally, the plasma-spray technique has been used for several decades to deposit protective coatings. However, there is a very small amount of available literature on near-net-shape forming by the plasma-spray technique. Plasma spray involves creating an arc that ionizes a gas stream, forming a plasma with temperatures above 10,000°C. Plasma forming involves simultaneously melting a powder and accelerating the molten particles for deposition on a rotating mandrel. The spray-deposited structure takes the negative contour of the mandrel, which is removed by making use of the large difference in thermal expansion coefficients between the deposits and the mandrel. All types of materials can be plasma-sprayed to fabricate near-net-shape complex objects [57] [58] [59] [60] [61] with minimal wastage. The density of the deposited materials depends directly on the plasma velocity. The velocity controls the time that the particles are exposed to the heating zone and the kinetic energy with which they impact the rotating mandrel. The plasma gun and the mandrel are computer-controlled, allowing fabrication of complex shapes.
In recent years, several researchers have used the plasma-spray technique to deposit nanostructured coatings [62] [63] [64] [65] [66] [67] such as ZrO 2 , WC, Cr 3 C 2 , Al 2 O 3 -TiO 2 , and polymers. Lima et al. at the State University of New York, Stony Brook, synthesized a nanostructured ZrO 2 coating using the air plasma-spray technique. Their results showed a correlation between mechanical properties and the roughness of the nanostructured coating. 62 The research group at University of California, Irvine (Lavernia et al. 63 ), has used mechanical milling and the high velocity oxyfuel (HVOF) technique to deposit Cr 3 C 2 -based composite coatings. Their research shows an increase in hardness of the nanocomposite coating with increasing temperature, demonstrating the thermal stability of these coatings.
Shaw and his team of researchers at the University of Connecticut have developed the critical plasma-spray parameter (CPSP) as the key parameter (Equation 1) for depositing nanostructured Al 2 O 3 -13wt%TiO 2 coatings. The CPSP helps to retain the nanostructure of the original powder by controlling the temperature experienced by powder particles passing through the plasma, the degree of melting, and the densification mechanism. 66 CPSP (voltage ϫ current)/ primary gas flow rate (Ar).
The units of CPSP are watts per standard cubic foot per hour. A higher electrical power (current ϫ voltage) ensures a higher degree of heat transferred to the powder particles and ensures complete melting. The primary gas (argon) flow rate determines the residence time of the powder particle in the plasma and the imparted kinetic energy. However, there is no available literature on the fabrication of a bulk, freestanding, nanostructured component by means of plasma-spray forming. Recently, our research 68,69 has focused on applying the plasma-forming technique to the fabrication of near-net-shape nanocomposites. The key to develop freestanding nanocomposites lies in the use of a processing technique that retains the nanostructure without significant grain growth. This can be achieved by optimum control of the powder feedstock, plasma parameters, and the substrate temperature. Figure 3 shows plasma-formed freestanding nanocomposite components of nano-micro alumina and Al-Si composites, along with high-resolution transmission electron microscopy (HRTEM) images of their nanostructures.
The spray-deposited and formed Al 2 O 3 bulk structures (Figure 3a ) have a bimodal grain size distribution that includes nanograins trapped between micron-sized grains. 69 The arrows in Figure 3b indicate grain sizes of less than 100 nm. The average density of the spray-formed Al 2 O 3 (Figures 3a and 3b) was 91%, 69 and the CPSP ratio was 180. The details of the experimental procedure can be found elsewhere. 69 Figure 3d shows an HRTEM image of a nanostructured hypereutectic Al-Si deposit fabricated by the vacuum plasma-spray forming technique. 59 The prealloyed Al-Si powder was used to deposit a freestanding structure, as shown in Figure 3c . The dark streaks are an Al-rich phase, whereas light-colored areas have a higher Si content.
Research efforts are ongoing to understand the key process variables that are responsible for maintaining the nanostructure, along with an improved structure-property correlation in plasma-formed bulk nanocomposite parts.
The results of various techniques for consolidating nanoparticles to form nanocomposites are summarized in Table I . Severe plastic torsional straining, dynamic consolidation using shock waves, and plasma-forming processes have demonstrated the capability of retaining nanoscale structure. However, all of these studies focused mostly on forming pellets. TAC is another process that is capable of retaining the original grain size of the nanoparticles. Unfortunately, the process is not universally applicable to all material systems because it relies heavily not only on the phase transformation but also on volume reduction during phase transformation. The plasma-forming technique 
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shows excellent promise as a method for making near-net-shape bulk parts with retained nanostructures.
Future Challenges
There are several challenges facing the successful commercial application of nanocomposites. Manufacturing techniques need to be developed that are not only economical but also capable of producing high volumes of nanoparticles. Also, because these ultrafine powders are highly susceptible to contamination, developing a means of properly handling and storing nanoparticles is another challenge. There is an immediate need to investigate the available powder consolidation techniques as well as to develop new ones. Finally, a cross-functional scientific workforce that transcends the conventional limits of various disciplines is required in order to fully understand this technology.
Concluding Remarks
Fabrication technology can strongly affect morphology and materials properties in the nanometer domain; thus, innovations in the manufacturing of freestanding parts with retained nanostructure remain a challenge. Nanocomposite materials are expected to have extensive applications in cars, ships, airplanes, and even in space vehicles. Although substantial progress has been made in understanding the structureproperty relationships in nanoceramics, further progress is needed in the areas of nanocomposite manufacturing using the plasma-forming technique, which shows the greatest potential. A number of techniques have been reviewed in this article in order to provide a snapshot of recent advances in the manufacturing of nanocomposite components. Also emphasized was the role that consolidation technologies may play in the future development of novel and unique three-dimensional multifunctional structures that cannot be realized using traditional manufacturing techniques. A detailed description of each technique is beyond the scope of this article; therefore, the interested reader is encouraged to refer to the publications listed in the references. 
